Introduction
============

Pancreatic cancer is a malignancy with a poor prognosis and short median survival time [@B1]. Chemotherapy alone, or combined with surgical management, remains the mainstream treatment for pancreatic cancer. However, due to chemo-resistance, the 5-year survival rate remains less than 5% [@B2]. The dense stroma and deficient vascular network in the microenvironment of pancreatic cancer are believed to be the underlying reasons for inefficient delivery of chemotherapeutic drugs [@B3]-[@B5]. Therefore, there is an urgent need for developing a novel drug delivery system to improve drug concentration in the pancreatic tumor microenvironment [@B6].

Nanoparticles (NPs) modified with specific agents have been proven to be a promising carrier to efficiently deliver therapeutic drugs in a targeted manner to cells and tissues [@B7]-[@B11]. Our previous studies have demonstrated that NPs composed of a three-block copolymer of mPEG-PLGA-PLL have unique properties to deliver agents for cancer imaging and therapy. Among the three components of the NPs, mPEG protects the NPs from the reticuloendothelial system (RES) and maintains long half-lives of the NPs in circulation, PLGA generates a sustained release of the loaded drugs, and PLL facilitates the targeted modification [@B12]-[@B14]. However, the potential application of mPEG-PLGA-PLL NPs for the targeted imaging and therapy of pancreatic cancer remains to be determined.

In this study, we loaded mPEG-PLGA-PLL NPs, organic nanoparticles with a high affinity for hydrophobic drugs, with paclitaxol (PTX), which is a widely used anticancer drug for the treatment of a variety of cancers. As the targeting agent, we selected the anti CA19-9 antibody since CA19-9 is a well-studied, highly specific biomarker and is the only one approved by Food and Drug Administration for pancreatic ductal carcinoma [@B15]-[@B19]. We hypothesized that the \"active targeting\" of PTX-NP-antiCA19-9 would specifically deliver the loaded PTX to the pancreatic cancer cells.

Ultrasound mediated microbubble destruction (UMMD) is an effective method to enhance the cellular uptake of drugs with the help of auxiliary gas-filled microbubbles under proper sound pressure. It results in the cavitation of microbubbles and causes shear stress, micro-streaming, and jetting, which help to create transient pores on the cell membrane and enlarge the capillary gaps [@B20], [@B21]. Mounting evidence has shown that UMMD is a powerful tool to increase the permeability of cell membranes *in vitro* and promote the enhanced permeability and retention (EPR) effect *in vivo* [@B22]-[@B27]. It has further been reported that UMMD can enhance clathrin-mediated endocytosis [@B28]-[@B30], which is the most important internalization mechanism for NPs [@B31]-[@B34]. We postulated that the "passive targeting" process of UMMD would significantly enhance the \"active targeting\" by PTX-NP-anti CA19-9 at the irradiated tumor site and may significantly increase the cellular uptake and accumulation of PTX in pancreatic tumors (Fig. [1](#F1){ref-type="fig"}).

The objective of this study was to explore the treatment efficacy and toxicity of PTX-NP-anti CA19-9 delivery combined with UMMD for pancreatic cancer. In addition, we investigated the transport, distribution, and elimination of PTX-NP-anti CA19-9 when used with UMMD, thereby assessing the dynamic impact of the combination of \"active targeting\" and \"passive targeting\".

Materials and methods
=====================

Materials
---------

Various chemicals and reagents and antibodies were acquired from the following sources: Paclitaxel (PTX) from J&K Scientific (Beijing, China), Taxol from Sino American Shanghai Squibb Pharmaceutical (Shanghai, China), Rhodamine B (RB) from Sigma-Aldrich (Shanghai, China) 1,1\'-dioctadecyl-3,3,3\',3\'-tetramethylindotricarbocyanine iodide (DIR) was from Biotium (Hayward, CA, USA), Pluronic F68 from BASF (Shanghai, China), 4\',6-diamino-2-phenylindole (DAPI) from Beijing Solarbio Science & Technology (Beijing, China), Anti-CA19-9 and anti-Ki67 monoclonal antibodies from Shanghai Linc-Bio Science (Shanghai, China), and the commercial SonoVue from Bracco (Milan, Italy).

Capan-1 cells were purchased from Shanghai Cancer Institute (Shanghai, China) and cultured in Dulbecco\'s Modified Eagle Medium (DMEM; Hyclone, USA) supplemented with 10% fetal bovine serum (Gibco, USA) in a humidified incubator at 37℃ with 5% CO~2~. The Cell Cycle Detection Kit and Annexin V-FITC/PI Cell Apoptosis Analysis Kit were purchased from Life Technologies (USA). Cell Counting Kit 8 (CCK-8) was obtained from Dojindo Molecular Technology (Japan) and the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) Kit was purchased from F. Hoffmann-La Roche (Basel, Switzerland).

Male BALB/c nude mice aged 4-6-weeks were obtained from Shanghai Laboratory Animal Center (Shanghai, China). All animal procedures were carried out in accordance with the protocols approved by the Animal Care and Use Committee at Shanghai General Hospital.

Preparation and characterization of PTX-mPEG-PLGA-PLL-anti-CA19-9 NPs
---------------------------------------------------------------------

The PTX-mPEG-PLGA-PLL-anti-CA19-9 NPs were prepared at the Shanghai Cancer Institute by the emulsion-evaporation method as described previously [@B12], [@B14]. Briefly, 10mg mPEG-PLGA-PLL (mPEG MW = 2000, 10%) was added into 0.5ml methylene dichloride solution of PTX (0.5mg/ml) and the mixture was emulsified with an additional 40μl of pure water by a JY92-II ultrasonic processor (Ningbo Scientz Biotechnology, Ningbo, China) for 200s at 200W. Subsequently, 5ml of 0.5% F-68 was rapidly added and sonicated for 200s at 200W, followed by stirring at room temperature to remove the organic solvents. Next, 0.5mg anti-CA19-9 antibody, 1mg N-(3-Dimethylaminopropyl)-N\'-ethylcarbodiimide hydrochloride (EDC) and 1mg N-hydroxysuccinimide (NHS) were dissolved in the mixture, sealed up, stirred for 1h and then dialyzed by distilled water rapidly (MWCO=14000) for 1h. The resultant emulsions were evaporated and lyophilized by a lyophilizer (EPSILON 2-6D; Martin Christ, Osterodeam Harz, Germany) to obtain the PTX-NPs-anti-CA19-9. The RB and DIR loaded NPs were prepared using the same method as above.

The size distribution and ζ potential were detected by Nicomp-380ZLS dynamic light scattering (Malvern, USA). The morphology of NPs was examined using a H-800 transmission electron microscope (Hitachi, Japan) and a Nanoscope® Multimode V atomic force microscope (AFM; Veeco, USA). The encapsulation efficiency was presented as the percentage of PTX encapsulated in the NPs from the total amount of PTX initially used. The drug-loading efficiency was defined as the percentage of PTX encapsulated in the NPs versus the total amount of NPs. Fourier transform infrared spectroscopy (FTIR) was used to identify the anti-CA19-9 antibody on the copolymer using a Nicolet NEXUS-670 Fourier Transform Infrared Spectrometer.

The drug release was determined by dialysis method. Briefly, 4ml solution of PTX loaded NPs was dissolved in 16ml salicylic acid (1M) and the mixture was transferred to a sealed dialysis bag (MWCO=3500). After horizontal shaking (50 rpm/min) at 37℃ for 1, 2, 4, 8, 12, 24 and 48hr, 0.2ml dialysate was collected and equal volume of solvent was added to the bag. The concentration of PTX was detected by high performance liquid chromatography (HPLC).

Experimental grouping
---------------------

The experimental groups both *in vitro* and*in vivo* were as follows: Control, free PTX (PTX), PTX-NP (PN), PTX-NP-anti-CA19-9 (PN-Ab), PTX-NP-anti-CA19-9 plus anti-CA19-9 (PN-Ab+Ab), PTX-NP plus UMMD (PN+U), PTX-NP-anti-CA19-9 plus UMMD (PN-Ab+U). To confirm the targeted delivery of PN-Ab, in the group of PN-Ab+Ab, extra anti-CA19-9 antibody was added to the cell culture medium or injected to the tumor bearing nude mice prior to PTX-NP-anti-CA19-9 treatment to competitively bind the CA19-9 antigen on the cell membrane. The superiority of UMMD over ultrasound/microbubble alone in the enhanced drug delivery and therapeutic effect was shown in Fig. [S1](#SM1){ref-type="supplementary-material"}.

Dynamic cellular uptake analysis
--------------------------------

Capan-1 cells, selected for their high expression of CA19-9 (Fig. [S2](#SM1){ref-type="supplementary-material"}), were seeded into 6-well plates at a density of 5×10^5^cells/well for flow cytometry and into 35 mm glass bottom dishes with 10 mm micro-well (In Vitro Scientific, Sunnyvale, CA, USA) at a density of 5×10^5^cells/dish for confocal microscopy and cultured overnight. RB instead of PTX was encapsulated in the NPs to serve as a fluorescence probe. RB and RB loaded NPs (RN) were added into the wells/dishes at an equivalent dose of RB (5μg/ml). Right before RB loaded NPs were added, UMMD was carried out in the groups of Rb-NP+UMMD (RN+U) and RN-NP-anti-CA19-9 (RN-Ab+U) by a Topteam161 Physioson-Basic therapeutic US machine (Physioson Elektromedizin AG, Laipersdorf, Germany). SF6 (59 mg) was dissolved in 5ml saline and the condition of UMMD (1.2W/cm^2^, 30sec, duty cycle 20%, 20% microbubble) was determined according to orthogonal design in the pre-experiment (Fig. [S3](#SM1){ref-type="supplementary-material"} and S4). We performed UMMD before drug administration because as per our previous study, the simultaneous application of targeted NPs and UMMD decreased the cellular uptake and treatment effect *in vitro*. This was likely due to the fact that the powerful force of UMMD interfered with the binding of targeted NPs to cells [@B35]. Then at different time intervals (0.5h, 1h, 2h, 4h, 6h, 8h, 12h, 24h, 48h), cells in 6-well plates were collected, washed in PBS three times, and subjected to flow cytometry by an Accuri C6 Flow cytometer (BD Biosciences, CA, USA). Cells were fixed with 4% paraformaldehyde for 20min, incubated with DAPI for 2min at room temperature, washed in PBS three times, and imaged using a confocal laser scanning microscope (Leica Microsystems, Mannheim, Germany). The quantitative results of flow cytometry recorded the dynamic changes of cellular uptake, and the area under curve (AUC) was integrated by origin 8.

Cytotoxicity and IC50 assessment in vitro
-----------------------------------------

Cytotoxicity was assessed by CCK-8 assay. Capan-1 cells were seeded into 96-well plates at 2000 cells/well and cultured overnight, then incubated with different formations of PTX with concentration of 0.625, 1.25, 2.5, 5.0, 10.0, 20.0, 40.0, 80.0, 160.0, 320.0μg/ml. UMMD was performed before drug administration in the groups of PN+U and PN-Ab+U with the same condition(1.2W/cm^2^, 30sec, duty cycle 20%, 20% microbubble) applied as in the cellular uptake assay. After 24h and 48h, 10μl CCK-8 agent was added to each well and incubated for 2h at 37℃. The OD value was measured at 450nm by a Spectra Max 190 microplate reader (BIO-RAD; Hercules, CA). The IC50 of 24h and 48h in different groups was evaluated by SPSS software 19.0.

Cell cycle analysis
-------------------

Capan-1 cells were seeded into 6-well plates at 5×10^5^cells/well overnight. Different formulations of PTX were administered at the dose of 5.0μg PTX/ml and incubated for 24h and 48h. The cells were collected, rinsed in cold PBS three times, and fixed in cold 70% ethanol for 24 h at 4℃. After washing with PBS, cells were treated with 0.1% RNase A for 1h at 37℃, followed by propidium iodide (PI) staining for 15min at 4℃ in the dark. Samples were analyzed using the FACScan flow cytometry.

Cell apoptosis analysis
-----------------------

Cells were treated as described above for cell cycle analysis. Cells were collected and resuspended in 500μl binding buffer, followed by addition of 5μl Annexin V-FITC and 5μl PI, and incubated for 15 min at room temperature. Samples were analyzed for Annexin V staining by FAC Scan flow cytometry. For TUNEL staining, cells were seeded on slides before drug administration, then fixed with 4% paraformaldehyde for 20 min, and incubated with the TUNEL reaction cocktail for 5 min at room temperature.

Tumor mouse xenograft model
---------------------------

The pancreatic tumor mouse xenograft model was established by injecting 5×10^6^ capan-1 cells into the subcutaneous space at the dorsum above the right leg in male 4-6-week-old BALB/c nude mice. Tumor volume was calculated through the equation: V=ab^2^/2, \'a\' represents the length and \'b\' represents the width [@B13], [@B14], [@B36]. Treatment began when the subcutaneous tumor reached 50-100mm^3^.

Targeted imaging and dynamic fluorescence biodistribution
---------------------------------------------------------

To investigate the effect of targeted delivery and enhanced retention of targeted NPs combined with UMMD, DIR was encapsulated into the NPs instead of PTX. Different formulations of DIR were injected through the tail vein at an equivalent DIR dose of 1mg/Kg. For the groups of DIR-NP plus UMMD (DN+U) and DIR-NP-anti-CA19-9 plus UMMD (DN-Ab+U), the mice received a simultaneous injection of 200μl microbubbles (5.9 mg SonoVue dissolved in 5ml saline) from the retroorbital venous plexus and UMMD was conducted at the tumor site under preset conditions (1MHz, 2W/cm^2^, 2min, 20% duty cycle) which were determined in the pre-experiment (Fig. [S4](#SM1){ref-type="supplementary-material"}). The real-time imaging was conducted by a small animal *in vivo* fluorescence imaging system (LuminaXRMS; PerkinElmer, Walther, MA, USA) at the time intervals of 0.5h, 1h, 2h, 4h, 6h, 8h, 12h, 24h, 48h, 72h, 96h, 120h and 144h. The quantitative fluorescence intensity of the tumor was acquired using the onboard software. The dynamic change of tumor fluorescence intensity was recorded in a line chart and the AUC that partly reflects the total accumulation was calculated by origin 8.

Pharmacokinetics and PTX accumulation in the tumor
--------------------------------------------------

For pharmacokinetics and distribution investigations, mice with a subcutaneous tumor of approximately 200mm^3^ in the six groups of Taxol, PN, PN-Ab, PN-Ab+Ab, PN+U and PN-Ab+U were given the same PTX dose of 2mg PTX/Kg through the vena caudalis. At 0.5, 1, 2, 4, 8, 12 and 24h after drug injection, blood samples from the Taxol, PN and PN-Ab groups and tumor samples from all groups were collected. The samples were further processed into plasma and tissue homogenate respectively, and the PTX concentrations were subsequently detected by liquid chromatography/mass spectrometry (LC/MS) (Thermo Scientific TSQ Quantum Ultra; Massachusetts, USA). The pharmacokinetics analysis was operated by WinNonLin 6.3 software with non-compartmental modeling and the parameters were calculated as AUC, t~1/2~ (half time), MRT (mean residence time) and CL (clearance). The AUC of the concentration-time curve of PTX levels in the tumor was also calculated by WinNonLin 6.3 software and represented the total drug accumulated in the tumor within 24h.

Therapeutic effect *in vivo* and systemic toxicity
--------------------------------------------------

A mouse model was used to study the tumor inhibition rate and the serum indexes after treatment. The same dose of 2mg PTX/Kg for each treatment group was injected via the tail vein once a day for three weeks. The control group received saline injections. Body weight and tumor size were recorded twice a week. PTX treatment started at day 10 and ended at day 31 after tumor cell injections. After 31 days, all mice were sacrificed and blood was collected to detect the serum markers including albumin, lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase MB (CK-MB), aspartate aminotransferase (AST), alanine aminotransferase (ALT) and blood urea (BU). Unlike in the *in vitro* study, UMMD was performed simultaneously with the NP injection for the following reasons. First, although the NPs have a life greater than 5 days, the blood concentration dropped rapidly in the first several hours. And second, it was not clear how long the increased capillary permeability caused by UMMD lasted. At the end of the treatment course, a contrast-enhanced ultrasonography (CEUS) was conducted to detect the intra-tumoral vascularity by an iU-Elite ultrasonic diagnostic apparatus (Philips, Eindhoven, Holland), with a bolus injection of SonoVue through caudal vein at the dose of 10μl/g. The perfusion process was recorded and the images at peak intensity were captured. The tumor specimens were fixed in 10% Faure Marin and stained with Ki-67 to assess cell proliferation following treatments. An additional batch of mice was treated as above and used to observe the daily body weight changes and other symptoms based on the predetermined euthanasia criteria, including ascites, dyspnea, cyanosis, polypnea, apathy and no self-feeding;the survival time was recorded everyday (n=10).

Results and Discussion
======================

Preparation and characterization of mPEG-PLGA-PLL NPs
-----------------------------------------------------

The mean size and ζ potential of the PTX-NPs-antiCA19-9 were approximately 184 nm and -0.907 mV (Fig. [2](#F2){ref-type="fig"}A and 2B), respectively. The spherical NPs dispersed uniformly with no aggregation (Fig. [2](#F2){ref-type="fig"}C and 2D). The presence of an absorption peak at 1650cm^-1^ represented a characteristic peak of the amide bond in proteins and indicated the attachment of anti CA19-9 antibody to the NPs (Fig. [2](#F2){ref-type="fig"}E). The encapsulation and drug loading efficiency was 81.5% and 2.04%, respectively. There was an initial burst release of PTX-NPs with about 60% of PTX released within 12h. However, it took 3 days to release the entire amount of the loaded PTX in PTX-NPs-antiCA19-9 (Fig. [2](#F2){ref-type="fig"}F). Thus, PTX-NPs-antiCA19-9 demonstrated a continuous release of PTX. By comparison, the free PTX was completely cleared within 8h.

Targeted delivery of RB-NPs-anti CA19-9 and enhanced uptake by UMMD in pancreatic cancer cells
----------------------------------------------------------------------------------------------

We determined the cellular uptake efficiency of free RB and NPs loaded with RB quantitatively by confocal laser scanning microscopy (Fig. [3](#F3){ref-type="fig"}A) and flow cytometry (Fig. [3](#F3){ref-type="fig"}B and 3C). The uptake of free RB started quickly and peaked at 8h post-administration. However, the cellular uptake of RB-loaded NPs (RN) was slower than that of free RB, likely due to the fact that RNs were internalized by cells through endocytosis, whereas entry of free RB into the cells was facilitated by diffusion. The uptake of RN-Ab was evidently greater than RN because the targeted NPs with the anti-CA19-9 antibody could specifically bind to the capan-1 cells and increase the local concentration of RB. The uptake of RN-Ab was similar to that of free RB before 8 h but kept increasing until 48 h. These results were consistent with the previous observations that the RB delivered via NPs was internalized by endocytosis, accumulated inside the cells, and could avoid degradation [@B37]-[@B40].

It has been reported that the cellular uptake of NPs was time-dependent and would increase until equilibrium was reached [@B37], [@B41]. The uptake had almost reached equilibrium at 24 h and increased slightly from 24 h to 48 h in the RN, RN-Ab and RN-Ab+Ab groups. The free RB reached equilibrium at 8 h and the uptake gradually began decreasing thereafter. Thus, the NPs, especially targeted NPs, could increase the time required to reach the equilibrium level. Furthermore, the targeted binding of RN-Ab to its ligand improved the cellular uptake. The uptake of RN-Ab+Ab, on the other hand, was significantly less than that of RN-Ab. It is possible that the added free anti CA19-9 antibody bound competitively to CA19-9 on the surface of cells, thereby decreasing the targeted internalization of RN-Ab. Our results were congruent with the earlier findings [@B42]-[@B45] that the efficacy of the targeted receptors diminished when the receptors on the cell membrane were saturated. Our previous studies demonstrated that UMMD could instantly create transient and repairable pores in the cell membrane by sonoporation that would greatly enhance the permeability of the membrane and increase the delivery of NPs to cells [@B22], [@B46], [@B47]. We had also reported earlier that UMMD increased the expression and accumulation of clathrin over a few hours thus enhancing clathrin-mediated endocytosis [@B28]-[@B30]. In the present study, in the RN+U and RN-Ab+U groups, the uptake efficiency of NPs increased rapidly in the first few hours, reached an equilibrium at 8h similar to the free RB group, and kept at a high level until 48h. The increased uptake of NPs is probably a consequence of UMMD causing an increase in the number of pores and clathrin.

It has been well documented that the antitumor effect of PTX mainly results from its intracellular accumulation over a period of time. We calculated the total uptake of RB in the six groups at 24 h and 48 h (Table [1](#T1){ref-type="table"}). For both time points, The order of total uptake among the various groups was : RN-Ab+Ab\<RN-Ab, RN\<RN-Ab\<RN-Ab+U, RN\<RN+U. The total uptake at 48 h was significantly higher than that at 24 h in each group. Significant statistical difference existed between the total uptake of RN and RB at 48 h but not at 24 h, indicating continuous uptake of nanoparticles. The total uptake was higher in the RN-Ab group than in the RN group. Taken together, these data demonstrated a targeted delivery of RN-Ab and showed that UMMD significantly enhanced the total uptake of RN as well as RN-Ab.

Cytotoxicity and IC50 *in vitro*
--------------------------------

Previous studies have demonstrated that drug-loaded NPs work in a time- and concentration-dependent manner [@B37], [@B41]. The blank NPs and targeted NPs have been proven to be non-toxic (Fig. [S6](#SM1){ref-type="supplementary-material"}). The CCK8 assay indicated that the inhibitory effects of different formulations of PTX on cell viability were improved with increase in PTX concentration and treatment time (Fig. [4](#F4){ref-type="fig"}A and 4B). The cytotoxicity and cell apoptosis, as assessed by Hoechst 33342 staining (Fig. [S7](#SM1){ref-type="supplementary-material"}) and TUNEL assay (Fig. [4](#F4){ref-type="fig"}C), respectively, were more prominent with PN-Ab than with PN, and were further enhanced when combined with UMMD at 24 h and 48 h. These effects were further confirmed by the half maximal inhibitory concentration (IC50) values of different formulations of PTX for 24h and 48h (Table [1](#T1){ref-type="table"}), the order of which was as follows: PN-Ab+Ab\>PN-Ab, PN\>PN-Ab\>PN-Ab+U, PN\>PN+U.The IC50 at 48 h was lower than that at 24 h in each group. These data indicated that the targeting properties of NPs and the additional physical processing of UMMD significantly improved the cell growth inhibitory effect of PTX. Interestingly, the cytotoxicity of PTX was higher than PN. This might be due to the fact that the free PTX could be easily internalized by passive diffusion, whereas PTX in the NPs is gradually released into the cytoplasm and therefore the cytotoxicity is cumulative over time *in vitro* [@B48]-[@B50]. However, when applied *in vivo*, free PTX may cause serious side effect, whereas the targeted NPs would deliver PTX to the tumor site specifically [@B50], [@B51]. Surprisingly, the IC50 was found to be consistent with the total uptake not only for 24 h but also for 48 h, where a lower IC50 matched a higher total uptake.

Cell cycle analysis
-------------------

It is well established that PTX inhibits spindle formation and arrests cell cycle progression at the G2/M phase [@B52], [@B53]. Based on our cell cycle analysis by flow cytometry, the number of cells in G2/M phase subpopulationsin in different PTX formulations for 24 h (5A and 5C) and 48 h (5B and 5D) was as follows: PN-Ab+Ab\<PN-Ab, PN\<PN-Ab\<PN-Ab+U, PN\<PN+U. The arrest of cells at the G2/M phase and decreased number of cells at the G0/G1 phase disrupted the normal cell cycle transition and subsequently induced apoptosis [@B54], [@B55]. The higher percentage of cells in G2/M phase indicated higher cytotoxicity and lower IC50. Thus, PTX-NPs-anti-CA19-9 nanoparticles significantly induced cell cycle arrest at the G2/M phase in pancreatic cancer cells, and this effect was enhanced by UMMD.

Cell apoptosis analysis
-----------------------

Following administration of different PTX formulations in Capan-1 cells, apoptosis was assessed by annexin-V-FITC/PI double staining assay. The extent of early apoptosis (EA), late apoptosis (LA) and total apoptosis (TA) in various groups in an ascending order was as follows: PN-Ab+Ab\<PN-Ab, PN\<PN-Ab\<PN-Ab+U, PN\<PN+U. Apoptosis at 48 h was significantly higher than that at 24 h in all groups with EA constituting the main proportion. This trend was consistent with those observed for the cell cycle distribution and IC50 (Fig. [6](#F6){ref-type="fig"}). The induction of apoptosis by PN-Ab was significantly higher than that by PN, and was further enhanced by UMMD. Taken together, these comprehensive analyses of cellular uptake, IC50, cell cycle, and cell apoptosis clearly demonstrated that mPEG-PLGA-PLL NPs were excellent carriers for PTX. In addition, anti-CA19-9 antibody modification on the surface of NPs improved the targeted binding and further enhanced the cellular uptake of PTX-NPs-anti CA19-9 nanoparticles.

Targeted imaging and dynamic fluorescence biodistribution in mouse pancreatic tumor xenografts
----------------------------------------------------------------------------------------------

The expression of CA19-9 in pancreatic tumor xenografts was detected by immunohistochemistry (Fig. [S8](#SM1){ref-type="supplementary-material"}). A small animal *in vivo* fluorescence imaging system was used to detect the accumulation of DIR in the subcutaneous tumor model in BALB/c nude mice. During the first 2 h post-injection, the fluorescence of DIR was mainly concentrated in the liver and/or brain. The signal intensity of the DIR fluorescence was high in DN+U and DN-Ab+U groups. The accumulation of fluorescent signals in tumors reached peak levels at 8 h in groups with NPs, and then decreased gradually (Fig. [7](#F7){ref-type="fig"}A and 7B). On the other hand, the intensity decreased immediately in DN-Ab+Ab because the additional antibody saturated the CA19-9 on the tumor cells. In the free DIR group, the fluorescence was barely observed in the tumor at 24 h and became very weak to be detected in the whole body at 72 h. However, in other groups of NPs, the fluorescence in the tumor lasted until 120 h (Fig. [7](#F7){ref-type="fig"}B). Also, the peak intensity of free DIR *in vivo*was lower than that of other groups of NPs. Thus, both the retention time and peak intensity of free DIR were inferior to that of NPs *in vivo*. On the contrary, the total cellular uptake of free RB was higher than that of RN and RN-Ab+Ab in *in vitro* experiments. The potential reason for this discrepancy might be due to the reason that the mPEG-PLGA-PLL NPs could escape from the reticuloendothelial system and stay longer in circulation. Also, the sustained release of NPs cargo would help DIR to accumulate in the tumor tissue over a longer time period.

The peak intensities and AUC in various groups in the ascending order were as follows: DN-Ab+Ab\<DN-Ab, DN\<DN-Ab\<DN-Ab+U, DN\<DN+U. The AUC roughly reflected the total amount of DIR accumulation (Table [2](#T2){ref-type="table"}). Compared with DN, DN-Ab aggregated specifically in the tumor site, with a 59.8% and 68.3% increase in peak intensity and AUC, respectively. Furthermore, with UMMD, the peak intensity and AUC were increased by 84.6% and 71.0%, respectively in the DP group and 68.4% and 40.5%, respectively, in the DN-Ab group. It has been reported that UMMD could transiently increase the capillary permeability of normal and tumor tissues [@B46], [@B47], [@B56]-[@B58]. Generally, tumor vessel walls are leaky due to the endothelial gaps ranging from hundreds of nanometers to a few micrometers [@B59]-[@B61] which would theoretically allow NPs to pass through the pores. Pancreatic cancers, on the other hand, are composed of over 80% of stroma and less than 20% of tumor cells [@B5], [@B62], [@B63]. Similar to the cellular uptake *in vitro*, the fluorescent signals increased immediately after UMMD*in vivo*, and then decreased gradually. The enhanced effect in the initial period both *in vitro* and *in vivo* possibly resulted from the fact that the pores on the membranes and the increased capillary permeability created by UMMD are transient [@B56]-[@B58]. Together, these results demonstrated that the accumulation of the loaded imaging agents in tumors was significantly increased by mPEG-PLGA-PLL-anti CA19-9 NPs and further enhanced by UMMD in mouse pancreatic tumor xenografts.

Pharmacokinetics and tumor accumulation of PTX
----------------------------------------------

We further investigated the pharmacokinetics and accumulation of various PTX formulations in mouse pancreatic tumor xenografts. The PTX concentrations in plasma and tumor tissues are shown in Figure [8](#F8){ref-type="fig"}, and the pharmacokinetic parameters are listed in Table [3](#T3){ref-type="table"}. Compared with PTX alone, PN and PN-Ab improved the pharmacokinetic profile of PTX by significantly increasing AUC, t~1/2~, MRT, and decreasing clearance. This excellent performance may be attributed to the ability of mPEG-PLGA-PLL NPs to have longer circulation time by evading the RES. Moreover, the NPs may protect their loaded PTX from elimination and provide enough time to penetrate into the tumor tissue. At 8 h post drug injection, the blood concentration of PTX in all three groups of free PTX, PN and PN-Ab groups was low. At the same time, the fluorescence in the tumors of DN and DN-Ab remained high while it significantly decreased in the free DIR group, indicating that DN and DN-Ab remained in the tumor, while free DIR was excreted. Considering that PTX accumulation in the tumor mesenchyme is ultimately responsible for the antitumor effect, we tested the PTX concentration at different time intervals following the administration of various PTX formulations with and without UMMD. The controlled release of NPs prolonged the residence time of the loaded PTX in the tumor, and the targeted binding of anti CA19-9 to its ligand on the cell membrane allowed increased accumulation of NPs in the tumor thereby increasing its concentration. When combined with UMMD, the concentration of PTX rose sharply and reached a higher level earlier than that with NPs alone. These results were predictable because the cavitation effect by UMMD facilitates the delivery of NPs by opening the capillary gaps. The AUC of the concentration-time curve in the tumor represented the total effective PTX with the following ascending order: PN-Ab+Ab\<PN-Ab, PN\<PN-Ab\<PN-Ab+U, PN\<PN+U (Table [2](#T2){ref-type="table"}). The trend and profile of the concentration-time curve were generally in agreement with the results obtained by targeted imaging, which confirmed the EPR effect of targeted NPs and UMMD.

Therapeutic effect *in vivo* and systemic toxicity
--------------------------------------------------

Finally, we tested the *in vivo* therapeutic effect and systemic toxicity of different formulations of PTX in mouse pancreatic tumor xenografts. The sequence of growth rate, final tumor volume, and weight were as follows: PN-Ab+Ab\>PN-Ab, PN\>PN-Ab\>PN-Ab+U, PN\>PN+U (Fig. [9](#F9){ref-type="fig"}A, 9B and 9C). The treatment effect of PN-Ab was significantly higher than PN. When PN-Ab and PN were applied simultaneously with UMMD, there was a dramatic increase in therapeutic efficacy resulting in 82.76% and 90.51% tumor inhibition, respectively. Ki-67 staining revealed that the tumor progression was slower after various treatments (Fig. [10](#F10){ref-type="fig"}), especially in the PN-Ab+U group. TUNEL staining also showed significant apoptosis in the PN-Ab+U group (Fig. [S9](#SM1){ref-type="supplementary-material"}). Contrast-enhanced ultrasonography (CEUS) was applied to evaluate the vascularity in the tumors after treatment. The time parameters in the CEUS course including the arrival time, peak time and washout time were almost similar in all seven groups. Based upon the peak intensities, the most effective treatment group was of PN-Ab+U in which the tumor was the smallest with the most abundant intratumoral blood flow (Fig. [10](#F10){ref-type="fig"}). The intratumoral blood flow detected by CEUS was suggested to be a predictor for prognosis in recent studies, and abundant blood flow might indicate betterr prognosis [@B64], [@B65]. As observed in the case of cellular uptake of nanoparticles and cytotoxicity analyses *in vitro*, the antitumor effect of PN-Ab was superior to that of PN-Ab+Ab, demonstrating a targeted drug delivery of PN-Ab. Thus, the targeting properties of PN-Ab and the application of UMMD greatly improved the therapy of subcutaneous pancreatic cancer in nude mice.

The median survival analyzed by Kaplan-Meier analysis determined for all groups is shown in Table [2](#T2){ref-type="table"} and was as follows: PN-Ab+Ab\<PN-Ab, PN\<PN-Ab\<PN-Ab+U, PN\<PN+U. The log-rank test showed statistically significant differences among the groups (p\<0.001). At the 45th day after tumor cell injection, all mice in the PN-Ab+U group were alive while 80%, 60%, 40%, 30%, 20% and 20% of mice died in the groups of saline, PTX, PN, PN-Ab+Ab, PN-Ab and PN+U, respectively (Fig. [9](#F9){ref-type="fig"}E). Multiple comparisons analysis by log-rank test showed significant differences between the PN and PN-Ab groups and between the PN-Ab and PN-Ab+U groups (p\<0.05). Importantly, when all the mice in the PN group died, 40% of mice in the PN-Ab group were still alive and when all the mice in the PN-Ab group died, 50% of mice in the PN-Ab+U group were alive; the longest surviving mouse was alive for 92 days. These results revealed that the targeted property and the employment of UMMD could significantly prolong the survival of mice bearing pancreatic cancer. However, no significant difference was observed between PTX and PN groups, or between PN and PN+U groups, further supporting that targeted delivery of PTX by PN-Ab is a key factor for the successful therapy.

To confirm the effect of various PTX formulations on systemic toxicity and the metabolism, we recorded the daily weights of mice after tumor cells injection and tested the serum markers. Figure [9](#F9){ref-type="fig"}D shows the daily weight changes throughout the course of treatment. There was no statistically significant difference in the weights of mice in various groups at any time during the treatment, indicating that the targeted NPs and UMMD caused no toxicity. However, the PN+U group had the highest albumin, and the PTX group had the lowest albumin but the highest AST, ALT, LDH, and CK-MB with significant statistical differences in the albumin. These results clearly indicate that PTX, when loaded in NPs, is less toxic than the free PTX. In other words, the mPEG-PLGA-PLL carrier could reduce the side effect of PTX. Furthermore, the serum albumin of mice in NPs groups and NPs combined with UMMD groups were higher than that in control group, suggesting that the effective therapy may relieve the systemic cachexia of malignancy. These results suggest that PN-Ab combined with UMMD is a promising strategy for targeted delivery of PTX to pancreatic cancer, significantly enhancing the treatment efficiency with no serious side effects.

Conclusion
==========

The PTX-loaded mPEG-PLGA-PLL-anti CA19-9 NPs could target and deliver PTX to capan-1 cells *in vitro* and to subcutaneous pancreatic tumors in BABL/c nude mice *in vivo*. Furthermore, administration of UMMD greatly increased the cellular uptake *in vitro* and enhanced the EPR effect *in vivo*. Importantly, the enhanced antitumor effect of targeted and drug-loaded NPs with and without UMMD was closely associated with their transport, distribution, metabolism, and elimination both *in vitro* and *in vivo*. In particular, the total cellular uptake and PTX accumulation in subcutaneous tumors were consistent with the treatment efficacy. PTX-NP-anti-CA19-9 combined with UMMD significantly improved PTX uptake, cell cycle arrest and cell apoptosis *in vitro* while reducing the IC50. *In vivo*, the combined application of PTX-NP-antiCA19-9 with UMMD attained the highest tumor inhibition, prolonged the survival, and improved the pharmacokinetic profile as well as the general condition of the tumor-bearing nude mice without obvious toxicity. Interestingly, PTX-NP was inferior to PTX *in vitro* while superior *in vivo*. This might be due to the fact that the advantages of mPEG-PLGA-PLL NPs including RES escape, long circulation time, and sustained release could only be fully displayed *in vivo*. Our study demonstrated the superiority of PTX-NP-anti-CA19-9 combined with UMMD in pancreatic cancer therapy.

Supplementary Material {#SM0}
======================

###### 

Supplementary figures S1-S9.

###### 

Click here for additional data file.
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mPEG-PLGA-PLL

:   methoxy polyethylene glycol-polylacticco-glycolic acid-polylysine

NPs

:   Nanoparticles

UMMD

:   Ultrasound mediated microbubble destruction

PTX

:   Paclitaxol

EPR effect

:   The enhanced permeability and retention effect

IC50

:   Half maximal inhibitory concentration

EDC

:   N-(3-Dimethylaminopropyl)-N\'-ethylcarbodiimide hydrochloride

NHS

:   N-hydroxysuccinimide

FTIR

:   Fourier transform infrared spectroscopy

HPLC

:   High performance liquid chromatogram

PTX

:   free PTX

PN

:   PTX-NP

PN-Ab

:   PTX-NP-antiCA19-9

PN-Ab+Ab

:   PTX-NP-anti CA19-9 plus anti CA19-9

PN+U

:   PTX-NP plus UMMD

PN-Ab+U

:   PTX-NP-anti CA19-9 plus UMMD.

TUNEL

:   Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling

AUC

:   Area under curve

t~1/2~

:   Half time

MRT

:   Mean residence time

CL

:   Clearance

LDH

:   Lactate dehydrogenase

CK

:   Creatine kinase

CK-MB

:   Creatine kinase MB

AST

:   Aspartate aminotransferase

ALT

:   Alanine aminotransferase

BU

:   Blood urea.

CEUS

:   contrast enhanced ultrasonography.

![Schematic illustration of the enhanced cellular uptake and tumor accumulation by the combination of UMMD and PTX-NP-anti-CA19-9.](thnov06p1573g001){#F1}

![Characterization of PTX-NP-anti-CA19-9: (A) size distribution and (B) zeta potential by dynamic light scattering; (C) morphology of NPs as detected by transmission electron microscopy and (D) atomic force microscopy; (E) FTIR of mPEG-PLGA-PLL and mPEG-PLGA-PLL-antiCA19-9 NPs;(F) drug release profiles of free PTX and PTX-NPs.](thnov06p1573g002){#F2}

![Cellular uptake of RB, RN, RN-Ab, RN-Ab+Ab, RN+U, and RB-NP- RN-Ab+U at different time intervals:)Analysis was performed by (A) confocal laser scanning microscope and (B) flow cytometry; (C) cellular uptake percentages over time (mean±SEM, n=3).](thnov06p1573g003){#F3}

![Concentration-dependent cytotoxicity as detected by CCK-8 assay: (A) 24 h; (B) 48 h (mean±SEM, n=3).Cell apoptosis as assessed by TUNEL staining in groups of PTX, PN, PN-Ab, PN-Ab+Ab, PN+U, and PN-Ab+U (C) 24 h and (D) 48 h.](thnov06p1573g004){#F4}

![Cell cycle distribution analysis by flow cytometry in groups of PTX, PN, PN-Ab, PN-Ab+Ab, PN+U and PN-Ab+U: (A and C) 24 h; (B and D) 48 h. Data are shown as mean±SEM (n=3), \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.](thnov06p1573g005){#F5}

![Cell apoptosis analysis by flow cytometry in groups of PTX, PN, PN-Ab, PN-Ab+Ab, PN+U and PN-Ab+U: (A and C) 24 h; (B and D) 48 h. Data are shown as mean±SEM (n=3), \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.](thnov06p1573g006){#F6}

![Tumor-targeted real-time imaging using small animal *in vivo* fluorescence imaging system: Imaging was carried out at time intervals of 0.5h, 1h, 2h, 4h, 6h, 8h, 12h, 24h, 48h, 72h, 96h, 120h and 144h after administration of free DIR, DN, DN-Ab, DN-Ab+Ab, DN+U and DN-Ab+U. (A) the average quantitative fluorescence intensity in tumors over time. (B) representative images of the tumor-targeted real-time imaging using different DIR formulations.](thnov06p1573g007){#F7}

![Pharmacokinetics of PTX after a single intravenous injection of PTX, PN, PN-Ab, PN-Ab+Ab, PN+U, and PN-Ab+U: Concentration of PTX in (A) plasma and (B) tumors. Data are presented as mean±SEM (n=3).](thnov06p1573g008){#F8}

![Therapeutic effect and systemic toxicity of saline, PTX, PN, PN-Ab, PN-Ab+Ab, PN+U, and PN-Ab+U *in vivo*: (A) tumor volumes over the treatment course in various groups; (B) subcutaneous tumor specimens at the end of the treatment; (C) average weight (n=5) of tumors; (D) change in body weight following tumor cells injection during the treatment course (top-right corner), arrows point to the beginning and end of treatment; (E) Kaplan-Meier survival analysis of mice with tumors(E) (n=10). Results were shown as mean±SEM, \**p*\<0.05, for the comparison of average tumor weight by one-way ANOVA and Dunnett T3.](thnov06p1573g009){#F9}

![Ki67 immunohistochemical staining and contrast-enhanced ultrasonography of various treatment groups.](thnov06p1573g010){#F10}

###### 

Total uptake of RB and the IC50 of PTX formulations.

                      Total uptake (24h)    Total uptake (48h)     IC50 (24h)   IC50 (48h)
  ------------------- --------------------- ---------------------- ------------ ------------
  RB/PTX              1221.23±39.48         2160.43±78.91\*\*\*    25.076       19.532
  RN/PN               1326.97±96.48\*\*\*   3115.77±236.09\*\*     30.830       21.316
  RN-Ab/PN-Ab         1661.82±83.81         3697.42±175.29         12.425       6.408
  RN-Ab+Ab/PN-Ab+Ab   1099.16±62.69\*\*\*   2599.56±163.12\*\*\*   37.943       26.581
  RN+U/PN+U           1838.53±23.75\*\*\*   3945.33±27.45\*\*\*    8.770        5.448
  RN-Ab+U/PN-Ab+U     2157.02±34.24\*\*\*   4557.02±34.24\*\*\*    4.479        3.219

One-way ANOVA and Tukey HSD for statistical tests (n=3), \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001 between groups of RN-Ab and RN/RN-Ab+Ab, RN and RN+U, and RN-Ab and RN-Ab+U for total uptake of 24 hand between groups of RB and RN, RN and RN-Ab, RN-Ab and RN-Ab+Ab, RN and RN+U, RN-Ab and RN-Ab+U for total uptake of 48 h. Data are presented as mean±SD.

###### 

Drug accumulation in tumors, mean tumor inhibition rate and median survival.

                       AUC of targeted imaging   AUC of PTX in the tumor   Mean tumor inhibition rate   median survival
  -------------------- ------------------------- ------------------------- ---------------------------- -----------------
  Control              /                         /                         /                            41±4.74
  DIR/PTX              210.70±39.98\*\*          982.04±168.84             16.02%                       43±3.95
  DN/PN                673.33±108.76             2488.18±568.92            62.24%                       51±4.65\*\*
  DN-Ab/PN-Ab          1133.09±217.13            3689.42±1131.25\*         82.99%                       63±3.10\*
  DN-Ab+Ab /PN-Ab+Ab   605.00±126.75\*           2992.34±669.73            68.38%                       53±3.16
  DN+U/PN+U            1151.54±177.39            5317.92±1038.74\*         82.76%                       58±5.53
  DN-Ab+U /PN-Ab+U     1591.72±307.71            6777.79±1369.98\*         90.51%                       75±7.12\*

One-way ANOVA and Tukey HSD for statistical tests in AUC of targeted imaging and PTX in tumors (n=3), \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001 between group of DIR and DN, DN and DN-Ab, DN-Ab and DN-Ab+Ab, DN and DN+U, and DN-Ab and DN-Ab+U and in AUC of targeted imaging between groups of PN-Ab and PTX, PN and PN+U, and PN-Ab and PN-Ab+U. Log-rank test was used for median survival (n=10), \*\* p\<0.01 between groups of PN and control, \* p\<0.05 between groups of PN and PN-Ab, and PN-Ab and PN-Ab+U. Data are presented as mean±SD.

###### 

Pharmacokinetic parameters of PTX, PN, and PN-Ab in non-compartmental modeling by WinNonLin 6.3.

                       PTX              PN                     PN-Ab
  -------------------- ---------------- ---------------------- ----------------------
  T1/2 (hr)            12.82±0.64       29.20±1.95\*\*         36.10±6.64\*\*
  Cmax (ng/ml)         547.60±25.10     736.91±55.51\*\*       716.23±61.60\*
  AUC0-t (hr\*ng/ml)   1434.25±131.92   4132.40±221.86\*\*\*   4108.98±209.35\*\*\*
  AUC0-∞ (hr\*ng/ml)   1665.11±158.75   7769.69±390.25\*\*\*   8688.52±794.42\*\*\*
  CL0-∞ (ml/hr/kg)     1208.10±109.79   257.85±13.25\*\*\*     231.53±22.00\*\*\*
  MRT0-t (hr)          4.25±0.16        7.67±0.21\*\*\*        7.70±0.28\*\*\*
  MRT0-∞ (hr)          9.55±0.35        35.06±2.97\*\*         43.87±9.32\*\*

T~1/2~, half-life; Cmax, maximal concentration; AUC, area under the curve; CL, clearance; MRT, mean residence time. One-way ANOVA and Tukey HSD for statistical tests (n=3), \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001 between groups of PTX and PN/PN-Ab. No statistical difference exists between groups of PN and PN-Ab. Data are presented as mean±SD.

###### 

Blood indeces indicating the functions of liver, kidney and heart.

             Albumin       AST            ALT          LDH             BU        CK             CK-MB
  ---------- ------------- -------------- ------------ --------------- --------- -------------- -------------
  Control    16.9 ±5.4     271.2 ±87.9    40.5 ±11.6   3189.8±837.1    7.1±1.8   927.4±805.4    525.0±204.8
  PTX        16.1 ±2.4     293.8 ±50.5    45.2 ±12.2   4062.8±622.4    6.6±0.8   1093.2±309.2   550.6±50.4
  PN         18.2 ±2.7     203.4 ±47.7    35.6 ±9.8    3712.8±284.0    6.5±0.7   1065.4±457.8   516.6±39.5
  PN-Ab      19.1 ±2.6     182.2 ±90.9    35.2 ±7.5    2565.6±832.7    7.1±0.7   835.8±506.4    424.3±137.2
  PN-Ab+Ab   20.8 ±0.5     255.6 ±76.6    41.0 ±13.2   3023.6±1099.3   6.9±0.4   1416.8±558.7   494.9±166.7
  PN+U       23.6 ±2.6\*   208.6 ±44.5    41.6 ±28.2   3561.2±646.3    7.5±0.8   923.2±213.3    499.6±54.3
  PN-Ab+U    22.0 ±3.0     246.0 ±171.9   42.8 ±19.9   3799.0±1080.7   7.4±0.6   958.0±450.2    492.4±176.5

One-way ANOVA and Tukey HSD for statistical test in Albumin (n=4-5), Albumin \* p\<0.05 between groups of PN+U and control/PTX. Data are presented as mean±SD.
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